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Abstract

:

A design of low-power 10-bit 1 MS/s asynchronous successive approximation register analog-to-digital converter (SAR ADC) is presented in this paper. To improve the linearity of the digital-to-analog converter (DAC) and energy efficiency, a common mode-based monotonic charge recovery (CMMC) switching technique is proposed. The proposed switching technique consumes only 63.75 CVREF2 switching energy, which is far less as compared to the conventional switching technique without dividing or adding additional switches. In addition, bootstrap switching is implemented to ensure enhanced linearity. To reduce the power consumption from the comparator, a dynamic latch comparator with a self-comparator clock generation circuit is implemented. The proposed prototype of the SAR ADC is implemented in a 55 nm CMOS (complementary metal-oxide-semiconductor) process. The proposed architecture achieves a figure of merit (FOM) of 17.4 fJ/conversion, signal-to-noise distortion ratio (SNDR) of 60.39 dB, and an effective number of bits (ENOB) of 9.74 bits with a sampling rate of 1 MS/s at measurement levels. The implemented SAR ADC consumes 14.8 µW power at 1 V power supply.
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1. Introduction


Dedicated Short Range Communication (DSRC) is one of the widely used wireless communication technologies for communication systems in automotive vehicles. The communication systems, like vehicle systems, intelligent transportation systems (ITS), and electronic toll collection systems (ETCS), make use of DSRC channels to carry out short-range exchange of information among the devices, such as on-board units (OBUs), road-side units (RSUs), or handheld devices carried by pedestrians [1,2]. It has the ability to provide a reliable and efficient vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-to-device (V2X) communications to support safety, mobility, and environmental applications. An OBU generally requires low power, good reliability, long battery life, and low cost. To meet these requirements, a fully-integrated on-chip design of a transceiver and a baseband is the best option.



Figure 1 depicts the top block diagram of the DSRC receiver system, which consists of a low-noise amplifier (LNA), a mixer (MIXER), a band-pass filter (BPF), a received signal strength indicator (RSSI) circuit with a 10-bit ADC, and a programmable gain amplifier (PGA). The BPF is inserted between the PGA and MIXER so that the spur and out-of-band noise, such as the DC offset at low frequency and flicker noise before the in-band is passed into the PGA, and the adjacent-channel signals at high frequency can be removed [3,4,5]. According to the detected signal strength, it is important to maintain the gain of each block in the receiver to maintain an appropriate signal level into the ADC. In the proposed architecture, an RSSI with a low power 10-bit ADC block is embedded in the receiver. The RSSI assessed the received input signal strength from the antenna and then the 10-bit ADC digitized it. The digitized data of the ADC goes to the baseband. An on-chip low power ADC is required along with the RSSI for a wider input range and low power consumption with faster settling.



Successive approximation register (SAR) ADC architecture has been a very popular architecture for many applications, as it features the CMOS downscale size [6,7,8]. SAR ADC does not require any amplifier, as it requires high power consumption to achieve the required performance as compared to the other ADC structures, such as sigma-delta (SD ADC). The unique low power and medium resolution characteristics of the SAR ADC also makes it an attractive option. For medium-resolution ADCs, the SAR ADC approach provides better power efficiency [9]. An ADC with on-chip input single-independent calibration is presented in [10,11]. In [10] the drawback of conventional split-capacitor calibration can be overcome with the proposed calibration by maintaining fast convergence. In [11], to reduce the switching energy a split-capacitor array with a dual thermometer decoder is presented for multi-channel neural recording.



A SAR ADC can be implemented in either fully differential [12] or in a single-ended [13] topology. Although the fully-differential topology has its advantages, namely, better common-mode noise rejection, better distortion performance, and increased output voltage swing, it is not always favored in terms of area and power constraints. Firstly, the fully-differential ADCs require extra design efforts and power, e.g., for the common-mode feedback and dedicated circuit to generate the explicit voltage. Secondly, the fully-differential SAR ADC usually consumes a larger area for the capacitor array. Although the calculated size of the unit capacitor in fully-differential designs could be almost halved, the layout size of the dual capacitor array is usually larger, mainly because the dummy structures inside do not scale well with the size of the unit capacitor. Several methods have been proposed to reduce the size of conventional fully-differential capacitor array [14,15] without applying digital calibration techniques; however, there are drawbacks. In [14], the size of capacitor array is halved by using top-plate sampling technique. This results in input dependent common-mode for the comparator and potential non-linearity error. In [15], the bottom-plate sampling technique is preserved while reducing the capacitor array size to its half. The adopted technique could potentially forward bias junction diodes and cause nonlinearity errors. Although recent publications for different applications mainly focus on the fully differential topology, we chose to design a single-ended SAR ADC due to the power and area constraints for the RSSI application. The degraded common-mode noise rejection ratio can be compensated at the system level together with a single-ended analog front-end with high common mode rejection ratio (CMRR). To increase the power efficiency of the SAR ADC, reducing the switching energy from the CDAC is very important. Recently there have been many studies in the switching scheme for CDACs to improve the energy efficiency. Among the various tri-level switching schemes [16,17,18,19,20,21,22], the best switching efficiency achieves a 98.8% reduction in the switching energy as compared to a conventional SAR switching. A bootstrap sampling switch is implemented to improve the linearity, and a non-binary redundant algorithm and rail-to-rail comparator is presented to improve the performance of the differential ADC, but the architecture of the rail-to-rail comparator requires greater power consumption [23].



The proposed work focuses on a single-ended ADC architecture to be used along with RSSI, in which multiple techniques have been implemented to optimize the area and power efficiency as follows:




	
A common mode-based monotonic charge recovery (CMMC) technique for switching is proposed to optimize the switching energy of capacitive DAC. The proposed technique of the SAR ADC employs a common mode based monotonic charge recovery switching scheme, which has the advantage of the regular VCM based switching scheme, resulting in reduction of the switching energy.



	
A self-comparator clock generator circuit controlled by asynchronous SAR logic is implemented with a modified dynamic latch comparator to eliminate the necessity of an external clock and power optimization of the comparator.








The key idea of the proposed paper is to reduce the power consumption and optimize the SAR ADC speed. The proposed CMMC technique consumes less switching energy as compared to the conventional switching architecture.



In Section 2, we have discussed the proposed architecture of asynchronous SAR ADC and its timing diagram. Section 3 describes the sub-blocks of the ADC, including bootstrap switching, the proposed architecture of the capacitive DAC with a CMMC switching technique, and a dynamic latch comparator with self-comparator clock generation circuitry. Section 4 discusses the measurement results of the proposed ADC structure and, finally, the conclusion is presented in Section 5.




2. The Proposed ADC Architecture


The proposed architecture of 10-bit 1-MS/s SAR ADC consists of a bootstrap switch, a capacitive DAC, a dynamic latched comparator with self-comparator clock generation circuit, and asynchronous SAR logic, as shown in Figure 2. The timing diagram of the proposed architecture is illustrated in Figure 3. A conventional asynchronous SAR has a fixed time delay for each bit settling which may result in waste of time during this process.



On the other hand, this extra time can be utilized as the MSB bit with higher capacitance needs a longer settling time as compared to the LSB bit with comparatively very low capacitance. In the proposed design, the self-comparator clock generator circuit ensures the optimization of the settling time for MSB bits and LSB bits. An energy efficient common mode-based monotonic charge recovery (CMMC) switching technique is presented to decrease the switching energy from CDAC. The CMMC switching technique reduces the parasitic capacitance effect from the capacitive DAC and improves the linearity. For the 10-bit case, 63.75 CVREF2 switching energy is consumed by the proposed CMMC switching technique.




3. Circuit Implementation


3.1. Bootstrap Switching


The on-resistance of the sampling switch must be signal independent, to ensure high linearity. Overdrive voltage depends upon the VIN for NMOS switches, and constant overdrive voltage is achieved through bootstrap switching. The implemented boostrap switching schematic is shown in Figure 4. When CLKSAM is low in the hold phase, capacitor C1 is charged to VDD with M1 and M4. When CLKSAM is high in the tracking phase, the input voltage VIN is connected to the bottom plate VB through M8, and the boosted voltage VT is connected to the gate of sampling switch M9 through M3. Transistor M6 is initially used to turn on M3. Since M6 is turned off if VIN is higher than VDD—Vth,n, Transistor M7 is included to ensure that M3 stays on while VB is charged to VIN. When CLKSAM goes low, M3 is turned off with M5, and Vg is discharged through M2 and NMOS of the inverter. Transistor M2 protects the inverter MOSFETs from the boosted voltage Vg during the tracking phase.




3.2. CDAC


The proposed CMMC switching for SAR ADC is presented in Figure 5. During the sampling mode, the bottom plate of the capacitors in CDAC is connected to VCM while the top plate is connected to the input signal, VIN. After sampling, without consuming any energy from the capacitor array, the first signed bit can be immediately determined. The next bit cycle either charges the capacitor from VCM to VREFT or discharges the capacitor from VCM to VREFB, depending upon the first comparison bit value.



The proposed CMMC switching architecture requires 2n−1 capacitors for the n-bit ADC, while a conventional ADC requires 2n capacitors [24], which is half of the conventional ADCs.



CMMC switching does not require the most significant bit (MSB) capacitor. There are few differences and similarities between the proposed CMMC switching and monotonic switching. Both switching schemes require half of the total capacitance, as these switching schemes have one more bit resolution than other switching schemes. The voltage either moves by the full VREF, towards the top or bottom half of the CDAC, in the monotonic switching.



On the contrary, the proposed CMMC switching algorithm moves the voltage by VREF − VCM = (1/2)VCM on both the top and bottom half of the DAC. The energy consumption is proportional to CV2 and the energy consumption of the monotonic switching is proportional to CVREF2, hence, the energy consumption of the proposed CMMC switching is proportional to 2C(VREF/2)2 = (1/2)CVREF2. As we can conclude that, the proposed CMMC switching algorithm is more energy efficient as compared to the monotonic switching algorithm. The common-mode voltage VCM of the DAC in the proposed CMMC switching algorithm does not change as compared to the monotonic switching algorithm, this improves the static performance of the ADC and it simplifies the designing of the comparator for ADC. The switching energy of the proposed switching architecture in each stage is represented in Figure 5. The CMMC switching algorithm consumes far less energy as compared to the conventional implementation. For 10-bit case, 63.75 CVREF2 switching energy is consumed by the proposed CMMC switching technique. The fast Fourier transform (FFT) spectrum of the behavioral simulation is done in MATLAB® for the proposed switching architecture with 1% unit capacitor mismatch as shown in Figure 6. The static performance integral non-linearity (INL) and differential non-linearity (DNL) of the proposed switching with 1% unit capacitor mismatch, as shown in Figure 7.




3.3. Dynamic Latch Comparator


The comparator is a critical building block for a SAR ADC, because the noise of comparator dominates the ADC performance [25,26]. Figure 8 shows the schematic of implemented dynamic latch comparator. The schematic of self-comparator clock (CCLK) generation circuit is depicted in Figure 9. The operation of the comparator and CCLK generation is explained below.



In Figure 9, when CLK is high, NMOS M6 turns on which results in resetting the comparator clock CCLK to low. It makes both of the comparator outputs OUTP and OUTN reset to high, which turn off PMOS M9 and M11, respectively. In the meantime, node A discharges to low through NMOS M10 and node B charges to high through PMOS M16. On low CLK, the conversion process starts, which switches on the PMOS M5 and M7 and switches off the NMOS M6 and M8. As a result, on high CCLK the comparator will be activated. The PMOS M9 or M11 will be turned on and node A goes to high, when comparison decision is made. On low CCLK, M8 is turned on. The output of AND gate will be transferred to the gate of NMOS M17 through transmission switch TG1 or TG2. It will turn-on the NMOS M17 as both inputs of AND gate A and B are high. As a result node B will be discharged to low and turns on the NMOS M13, which will again push node A to low. Consequently, the next rising edge of CCLK appears when PMOS M7 is turned-on.



The asynchronous SAR logic adjusts the comparison cycle of different bits by generating the control signals for TG1 and TG2. The DAC settling time, comparison time and the logic delay constitutes one comparison cycle. As MSB has larger capacitance, so it usually requires longer time for its settling. To overcome this issue, comparatively longer comparison periods are ensured for higher four MSBs by switching on TG2 for the first four comparison cycles. The comparison time for the remaining LSB bits is set by switching on TG1. The on resistance of each LSB is tuned to ensure the same settling time for all LSB bits. On completion of all of the comparisons in one conversion process, the latch dynamic comparator is turned off by the EN signal from the asynchronous SAR logic, hence resulting in low power consumption.





4. Measurement Results


The proposed architecture is implemented and tested with 55 nm CMOS technology. A die photograph of the proposed ADC architecture is shown in Figure 10. The implemented ADC operates at under 1 V supply power. The measured FFT spectrum of the ADC with different input frequencies at a sampling rate of 1 MS/s is shown in Figure 11. The proposed architecture achieves the ENOB of 9.74 bits and SNDR of 60.39 dB at input frequency of 250.97 kHz, as shown in Figure 11a, and with an input frequency of 450.19 kHz it achieves the ENOB of 9.59 bits and SNDR of 59.49 dB at a sampling speed of 1 MS/s which is shown in Figure 11b.



Figure 12 shows the INL and DNL results to represents the linearity performance of the ADC. The measured INL and DNL values of the proposed architecture are −0.7/0.6 and −0.5/0.7, respectively. Figure 13 shows the overall power breakdown of the proposed single-ended asynchronous SAR ADC which includes the CDAC, bootstrap switch, SAR logic, comparator, and asynchronous clock generator.



Table 1 summarizes the comparison of the proposed architecture with other state-of-the art SAR ADCs and shows their measured performance. The power efficiency can be evaluated by the Figure of Merit (FOM), which can be calculated as depicted in Equation (1).


   FOM =    Power   min  {   F S   , 2  × ERBW  }   2  ENOB      



(1)




where sampling frequency is represented by FS, power consumption of the ADC is presented as power, and the effective resolution bandwidth is represented by ERBW. The proposed ADC achieves a FOM of 17.3 fJ/step. Table 1 shows the comparison with other state-of-the-art SAR ADCs and summarizes the performance of the proposed asynchronous SAR ADC.




5. Conclusions


This paper presented a low-power 10-bit asynchronous SAR ADC operating at a speed of 1-MS/s. A CMMC technique is proposed to decrease the switching energy from the CDAC. By decreasing the parasitic capacitance effect, static performance of the ADC is improved in the proposed switching technique. The common-mode voltage of proposed CMMC technique has been unchanged, which makes the designing of comparator easy. The proposed CMMC switching technique consumes 63.75 CVREF2 energy for 10-bit operation. Additionally, a dynamic latch comparator with self-comparator clock generating circuit has been implemented to carry out the power optimized operation and good resolution. Comparator clock generator circuit is controlled by asynchronous SAR logic to adjust the settling time of the MSB and LSB bits. The proposed prototype of the SAR ADC is realized in 55 nm CMOS technology. The proposed architecture achieves a FOM of 17.3 fJ/conv-step with the ENOB of 9.74 bits and SNDR of 60.39 dB at measurement level when operating at 1 MS/s with a 1 V supply.
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Figure 1. Top block diagram of the DSRC receiver. 
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Figure 2. Proposed block diagram of 10-bit single-ended asynchronous SAR ADC. 
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Figure 3. Timing diagram of a 10-bit single-ended asynchronous SAR ADC. 
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Figure 4. Schematic of bootstrap switching. 






Figure 4. Schematic of bootstrap switching.



[image: Electronics 09 01100 g004]







[image: Electronics 09 01100 g005 550] 





Figure 5. Proposed three-bit switching procedure for SAR ADC. 
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Figure 6. FFT spectrum of the behavioral simulation result of proposed switching with 1% unit capacitor mismatch. 
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Figure 7. Static performance of proposed switching with 1% unit capacitor mismatch. (a) Integral non-linearity (INL). (b) Differential non-linearity (DNL). 
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Figure 8. Schematic of the dynamic latch comparator. 
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Figure 9. Schematic of the generation of the comparator control signal CCLK. 
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Figure 10. Die photograph of the proposed asynchronous SAR ADC. 
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Figure 11. Measured FFT spectrum for different input frequencies with the sampling speed of 1 MS/s (a) for an input frequency of 250.97 kHz; and (b) for an input frequency of 450.19 kHz. 
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Figure 12. Measured static performance parameter (a) integral non-linearity (INL), and (b) differential non-linearity (DNL) results. 
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Figure 13. Power break down of the single-ended SAR ADC. 
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Table 1. Performance comparison.
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	Parameter
	[10]
	[11]
	[21]
	[22]
	[23]
	This Work





	Process (nm)
	40
	130
	180
	55
	180
	55



	Resolution (bits)
	12
	10
	8
	12
	10
	10



	Sampling Rate (MS/s)
	1
	1
	1
	1
	1
	1



	Supply Voltage (V)
	1.1
	0.8
	1.8
	0.9
	1.2
	1



	SNDR (dB)
	68.1
	-
	45.3
	68
	-
	60.39



	ENOB (bits)
	-
	8.8
	7.23
	-
	8.7
	9.74



	DNL (LSB)
	-
	−0.33/0.56
	0.66
	−0.58/0.60
	0.4
	−0.5/0.7



	INL (LSB)
	−1.8/1.0
	−0.61/0.55
	0.61
	−0.81/0.58
	0.46
	−0.7/0.6



	Power Consumption (µW)
	31.1
	9
	10.3
	30
	34.6
	14.8



	FOM (fJ/conv. Step)
	15.0
	27
	67
	24.5
	83
	17.3











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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